Dynamic performance of the front-end PWM rectifier is the basic guarantee of stable and reliable operating of a high power back-to-back converter system. Traditional doubleloop PI regulator controlling may lead to DC-link voltage fluctuation and even more seriously overvoltage or under-voltage threatening the safe operation of the power switching device. In this paper, a small-signal model of high power virtual-oriented-flux is established to analyze the DC-link voltage fluctuation limitation of systems with conventional load current feed-forward control. A virtual line flux oriented control algorithm is also proposed based on the model mentioned above. Finally, a MATLAB simulation and practical test were carried out to certify the effectiveness and correction of the algorithm.
INTRODUCTION
The PWM rectifier had been widely used in the four-quadrant inverter and wind power generation system because of the advantages of simple controlling, accurate model and controllable power factor of it.
Loads change drastically in PWM rectifier system so that the voltage stability of the DC bus is affected. The static stability and dynamic response speed of DC bus voltage are very important for the act and quality of PWM rectifier and loads. Therefore, it is one of the important aspects to enhance anti-disturbance ability of the PWM rectifier and to reduce the DC-link capacitance (Hur et al., 2001 ).
With the feed-forward under sudden loading, reference (Zhao et al, 2004) analyzed the dynamic response constraint problems of two-level PWM rectifier in conventional doubleclosed-loop-control mode, and then proposed an improved scheme. The scheme, with the method of double closed-loop of load feed-forward control in the steady state and reactive current sliding mode variable structure control in the transient state, can enhance anti-disturbance ability of the PWM rectifier effectively. Based on the dynamic analysis for PWM rectifier, an accurate analytical formula was presented, with which a MATLAB/Simulink simulation was accomplished.
A fuzzy controller according to the output voltage error and the principle of fuzzy control was designed in reference (Liang et al., 2007) , with which a simulation model was established based on Matlab. The traditional PID control and fuzzy control were simulated and compared about DC voltage overshoot and response time in the circumstance of load start-up、increasing and decreasing.
Reference (Li et al., 2011) provided a double-loop PI control system structure diagram according to the mathematical model of PWM rectifier in two-phase synchronous rotating coordinate system, and designed the load disturbance dynamic feed-forward compensator and simplified static feed-forward compensator.
Reference (Fang et al., 2006; Yan et al., 2009; Jose et al., 2007; Patricio et al., 2008) presented a predictive current control method. Based on the accurate mathematical model of system, the method can predict the output voltage control value of the next cycle according to the sampling current value in the start time of every switching period. It made the output current equal to the start timing control current in the next cycle. The method had the advantages of the fixed switch frequency and fast dynamic response. Reference (Wang et al., 2013) established the discrete time mathematical model of three-level inverter system and predicted the next sampling value of load current corresponding to 27 kinds of voltage vector by using the parallel computing features of FPGA. Moreover, it made the predicted value substituted into the current deviation objective function, and chose the voltage vector which makes the target function minimum as the output voltage of inverter. Reference (Wang et al., 2012) analyzed the dynamic characteristics controlled by PI and proposed an improved control method that the outer-loop used variable parameter control method with voltage square feedback and the inner-loop adopted deadbeat predictive current control.
The references mentioned above solved the proposed problem well, but few reference deals with the anti-disturbance research of the high power MW grade PWM converter of three-level topology.
MATHEMATIC MODEL OF THREE-LEVEL PWM RECTIFIER
The proposed topology structure of three-level converter mainly included neutral-point clamped multilevel structure (NPC), flying-capacitor multilevel structure and the cascaded converter. Among which, the neutral-point clamped structure was more mature in the applications of rectifier, and its main circuit is shown in Figure 1 . According to the reference (Wu et al., 2010) , the mathematical model of d-axis virtual line flux oriented three-level rectifier in the d-q coordinate were showed as follow:
In the above equation: Figure 2 
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3.1Problem proposing
In the traditional control system of back-to-back converter, the load current variation is the key cause of the voltage variation of the DC bus. If i q-f (shown in Figure 2 )was set to 0, the change of motor speed and load would affect the change of load current which in turn lead to the voltage variation of the DC bus. Thereby, it leaded to the PI output change of the outer-loop DC bus and achieved a new balance state.
DC-link capacitor current would flow to the load side and provide power to the load at the moment of suddenly increasing of load currents, resulting in decreasing of the DClink voltage. The energy absorbed from the rectifier is greater than the energy consumed by the load at the moment suddenly decreasing of load currents, and thus, the DC-link capacitors were charged, making the DC-link voltage increased. The DC-link voltage increases or decreases due to the unbalance of the input and output energy of the PWM rectifier on dynamic process. The changes would exceed the rated voltage of IGBT in some hard working conditions. Instantaneous power theory proposed by Akagi.H in the 1980s was further explored and indicated by the scholars all over the world. Reference (Liao and Yeh, 2000) introduces the concept of instantaneous active and reactive power based on grid voltage oriented strategy and applied it to a two-level direct power control. Reference (Liao and Yeh, 2000) gives the mathematical model of the three-level PWM rectifier. According to instantaneous power theory, the paper derived the relationship between input active and reactive power and the vector of rectifier, and put forward the direct power control (DPC) method applied to three-level PWM rectifier.
In this paper, the instantaneous active and reactive power concept is employed to the anti-disturbance research of the virtual grid flux oriented three-level PWM rectifier
The mathematical model of three-level virtual grid flux oriented d-q coordinates is shown as follows:
In the case of the squirrel cage motor driven by the back-to-back converter, we can calculate the output power of the inverter as the following equation:
The model proposed ignores the motor loss and switching loss of rectifier and inverter and minimizes the output DC voltage wave of PWM rectifier. Thus the equationP Rec =P Inv is established in the case of the power factor in 1. Some equations also can be obtained as follows:
where subscript Rec represents of the rectifier side and inv for the inverter side.v dc is the DC-link voltage, i rec is the output current of three-level rectifier, i Inv is the input current of three-level inverter; e, i are the phase voltage and phase current effective value of three-level rectifier respectively;i * q is the given value of active current (axis current). Since the value was equal to phase current peak value in the working condition of the power factor in 1, the coefficient K in the formula (11) was equal to 1/√2; C dc is DC-link equivalent filter capacitor of three-level rectifier.
The small signal model of the virtual grid flux oriented converter
By using the linear analyzing method of the small signal, equations are supposed as follows: (10), (11) and (12),we can get the following equation: 
Eq. (17) In the traditional load current feed-forward algorithm, supposing 1-G k =0, Eq.19 is obtained. In a word, the traditional load current feed-forward control algorithm just suppressed the influence to certain extent on DC-link voltage caused by the load variation. Besides, because the parameter T e was not equal to zero, the traditional load current feed-forward control algorithm cannot suppress the fluctuation of the AC grid side voltage. The dynamic performance of system can be further improved by grid disturbance controlling.
The new dual anti-disturbance control strategy
To ensure the bus voltage is not affected by the change of the load current and AC grid side voltage, an appropriate feedback control strategy should be proposed, making the equationT e =0, Z 0 =0 tenable. In other words, with such an ideal feedback control strategy, it is ensured that the current flowing into the bus capacitance is zero when the load and the grid change. In this condition, the equationi Rec =i Inv is tenable and the output of voltage PI controlleri e =0. Thereby, DC-link voltage of the rectifier is fully suppressed. The power absorbed from grid equals to the power output to the load for the rectifier, as shown in Eq. 20:
Eq.20 is substituted into the Eq.11 and Eq.21 can be get. 
Ignoring the high order, as follows:
The improved feedback control block diagram is shown in Fig.5 . The DC-link voltage fluctuation expression of the rectifier is obtained as Eq.24 shown. 
THE SYSTEM SIMULATION
The proposed algorithm can be verified based on a three-level back-to-back converter. In the verification system, the rectifier functions with the control strategy shown in Fig.2 and the inverter side functions with the control strategy shown in Figure6. The simulation parameters are shown in Table1 and the simulation waveforms in Fig.7 including non-feedback control waveform (Fig.7 (a) )and feedback control waveform (Fig.7 (b) ). Fig.7(a) and (b) have the same parameters of thevoltage loop and inner current loop. In the process of simulation, the system adopts the given step current of 150A in 0.2s, and followed by a step current of 300A in 0.2s, and followed by a step current of 150A in 0.2s, and followed by a step current of -150A in 0.2s, and followed by a step current of -300A in 0.2s, and followed by a step current of -150A in 0.2s , and followed by a given step current of 0A in 0.2s. (Figure 7 (b)) maintains at a given value during the steady state or the dynamic state process. Simulation results have proved the reliability and anti-disturbance performance of the system adopting a three-level PWM rectifier. For the introduction of the feedback strategy, the dynamic performance of the system has been further improved.
EXPERIMENTAL ANALYSES
Experiment system is made up by a 2MW back-to-back dual three-level test platform used the double-fed method and the output active current step in the virtual grid flux The active current in inverter side is a step wave of 150A lasting for 2 seconds, and then followed 300A for 2 seconds, and then followed 50A for 2 seconds, and then followed -150A for 2 seconds, and then followed -300A for 2 seconds, and then followed -150A for 2 seconds and finally maintains at 0A,
The experiment has been observed by a DA converter with base voltage value of 540V and base current value 300A respectively. Since the output voltage of the DA converter ranges from 0 to 5A, a 2.5V-DC-bias-voltage should be added to the original value, so 2.5V stands for zero of the physical value. Figure 9 shows the whole and detailedexperimental waveform respectively. In this Figure, the feed-forward current is just forobservation and not added in the control loop. The differences between the non-feedforward control and improved feedforward control are shown in Figure 9 to 10. The voltage loop output using non-feedforward control method follows the active current in the inverter side. Since this tracking is based on the fluctuation of the DC-bus voltage, there is a voltage rise or a voltage drop in the DC bus. For the improved feedforward control proposed by the paper, the instantaneous power input and output is balanced, and the load current supplied by the DC capacitor and the DC-bus capacitor current supplied active load are very small, therefore the fluctuation of the DC-bus voltage was also very small. Besides this, because the output of the active current supplied by the voltage loop only provided the switch loss of the power electronic devices, it remained at near zero. 
CONCLUSIONS
In this paper, a feed-forward control method based on the small signal model with no load current sensor is proposed. The double-fed test platform combined with the experimental method of back-to-back dual three-level converter has been established. The algorithm proposed by this paper was proved correct and effective by simulation and experiment.
